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The electronic structure and photophysical properties of three Ir(III) complexes with the substituted  
5,5′-di(trifluoromethyl)-3,3′-bipyrazole(bipz) ligand have been theoretically investigated by using density functional theory 
and time-dependent density functional theory method. The calculated results show that the energy gaps between of LUMO 
and HOMO (ΔEL→H) of complexes 1, 2 and 3 are gradually decreased, that is, 3.54 eV, 3.07 eV and 2.95 eV for 1, 2 and 3, 
respectively. The lowest energy absorption wavelength of 1, 2 and 3 are located at 443 nm, 532 nm and 564 nm, 
respectively. The calculated 443 nm absorption for 1 is in good agreement with the experimental value. The lowest energy 
emissions of complexes 1, 2 and 3 are localized at 545 nm, 679 nm and 731 nm, respectively, simulated in CH2Cl2 medium 
at TPSSH level. The conclusion can be drawn that the different substituent groups in the bipz ligand results in the important 
effect on the electronic structure and photophysical properties. The research work can provide valuable information for the 
design of new organic light-emitting diodes materials. 
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As a new flat panel display technology, organic light-
emitting diodes (OLEDs) has attracted great attention 
due to its advantages of all solid state, self-luminous, 
high brightness, wide viewing angle and fast 
response
1–6
. Recent years, the phosphorescent 
transition metal complexes such as Ru(II), Rh(III), 
Os(II), Ir(III) and Pt(II) complexes have received 
great interest due to their potential applications  
in the fabrication of OLEDs
7–11
. Especially, Ir(III) 
complexes are the most promising phosphorescent 
materials mainly owing to the excellent thermal 
stability, high photoluminescence quantum efficiency, 
short lifetime and flexible color adjustment
12–17
.  
The phosphorescence Ir(III) complexes can harvest 
both singlet and triplet excitons as light, leading to 
obtain an efficiency four times higher than fluorescent 
materials
18,19
. By changing the substituents on the 
main ligand or auxiliary ligand, the electronic 
structure and photophysical properties can be 
effectively adjusted
20–23
. For example, a series of 
bis(2′,6′-difluoro-2,3′-bipyridinato-N,C4′)iridium 
(picolinate) complexes [(dfpypy)2Ir(pic): Ir1–Ir5]  
with different electron-withdrawing  
(–CHO, –CF3 and –CN) and electron-donating 
substituents (–OMe and –NMe2) on the 4′ position at 
the pyridyl moiety of the 2′,6′-difluoro-2,3′-bipyridine 
ligands has been synthesized, well characterized and 




Liao et al. have synthesized and characterized a 
series of Ir(III) metal-based phosphors with  
three bidentate chelates that consist of  
diimine, cyclometalate, and bis-pyrazolate
25
. On the 
basis of complex [Ir(dtbbpy)(ppy)]
25
, we have 
designed two new Ir(III) complexes by changing the 
substituents on the bipz ligand. To investigate the 
effect of substituent groups on photophysical 
properties, these iridium(III) complexes have been 
theoretically studied by using the density functional 
theory (DFT) and time-dependent density functional 
theory (TDDFT) method. The theoretical results will 
be useful for obtaining the good phosphorescent 
materials in OLEDs. 
 
Materials and Methods 
 
Computational method 
The ground state geometry for each molecule was 
optimized by DFT
26
 method with hybrid  
Hartree-Fock/density functional model (PBE0) based 




On the basis 




of the ground- and excited-state equilibrium 
geometries, the TDDFT approach was applied to 
investigate the absorption and emission spectral 
properties. The ―double-ξ‖ quality basis set 
LANL2DZ
28,29
 associated with the pseudopotential 
was employed on atom Ir. The 6–31G(d,p) basis set 
was used for nonmetal atoms in the gradient 
optimizations. Furthermore, the stable configurations 
of these complexes can be confirmed by frequency 
analysis, in which no imaginary frequency was found 
for all configurations at the energy minima. All 
calculations were performed with the polarized 
continuum model (PCM) in CH2Cl2 medium, which is 
adopted by Liao et al.
25
. The calculated electronic 
density plots for frontier molecular orbitals were 
prepared by using the GaussView 5.0.8 software.  
All calculations were performed with the  
Gaussian 09 software package
30
. The GaussSum2.5 





Results and Discussion 
 
Geometries in the ground state S0 and triplet excited state T1 
The sketch map of complexes 1, 2 and 3 are 
presented in Fig. 1(a), and the optimized ground state 
geometric structure for 1 is shown in Fig. 1(b) along 
with the numbering of some key atoms. Complexes 1, 
2 and 3 show a distorted octahedral configuration 
because of the d
6
 electronic configuration of  
Ir(II) atom. Table 1 listed the main optimized 
geometric parameters of S0 and T1 in order to better 
understand the structural change. 
The bond lengths of Ir–N2 and Ir–N3 for all 
studied complexes are 2.03 Å and 2.13 Å, 
respectively. The bond lengths of Ir–N5 for all studied 
complexes are 2.05 Å. The bond angles C1–Ir–N3, 
N1–Ir–N4 and N2–Ir–N5 are larger than 170°, which 
is close to the straight angle 180°. In addition, the 
bond angle N1–Ir–N4 is larger than those of  
C1–Ir–N3 and N2–Ir–N5. For example, the  
C1–Ir–N3, N1–Ir–N4 and N2–Ir–N5 of complex 1 are 
171.54°, 175.82° and 171.44°. The dihedral angles 
C1–N2–N3–N5, N1–N2–N4–N5 and C1–N4–N3–N1 
are smaller than 9°. The above-mentioned results 
show that these complexes have the distorted 
octahedral configuration. On the whole, for the triplet 
excited state T1, the bond distances are slightly 
changed in contrast to those in the ground state S0. 
The bond angles C1–Ir–N3 and N2–Ir–N5 are slightly 
larger compared with those in S0. The dihedral angle 
C1–N2–N3–N5 in T1 state is obviously smaller than  
that in S0. 
 
Molecular orbital properties 
The frontier molecular orbital (FMO) properties in 
the S0 are closely related to the photophysical 
properties of these complexes. The HOMO (highest 
occupied molecular orbital) and LUMO (lowest 
unoccupied molecular orbital) distribution, energy 
levels, and energy gaps between of LUMO and 
HOMO (ΔEL→H) of the complexes 1, 2 and 3 are 
plotted in Fig. 2. The detailed information of FMO 
compositions for 1, 2 and 3 have been presented in 
Tables S1–S3 (Supplementary Data). 
The HOMO and LUMO distributions for 
complexes 1, 2 and 3 are mainly located at the bipz 
and dtbbpy ligands, respectively. For example, the 
HOMO and LUMO of complex 1 distributes over the 
π-orbital of bipz (93%) and the π-orbital of dtbbpy 
(95%). From 1 to 3, the HOMO and LUMO  
energy levels are gradually increased with the 
increasing electron-donating ability of substituent 
group in the bipz ligand. Especially, the HOMO 
energy levels have the more obvious change than 
those of LUMO, which causes the gradually reduced 
ΔEL→H values, that is, 3.54, 3.07, 2.95 eV for 
complexes 1, 2, and 3, respectively. The investigation 
 
 
Fig. 1 — (a) Sketch map of the structures of complexes 1, 2 and 3  
and (b) Partial atomic number of complex 1 (H atoms omitted). 




on the ΔEL→H values will be useful for studying the 
variation trend of the absorption.   
 
Absorption spectra 
The absorption properties of complexes 1, 2 and 3 
have been calculated by using the PCM–TD–PBE0 
method on the basis of the S0 state geometries. The 
vertical electronic excitation energies, oscillator 
strengths (f), dominant orbital excitations and their 
assignments of singlet excited states have been listed 
in Table S4 (Supplementary Data). The stimulated 
absorption spectra of complexes 1, 2 and 3 in CH2Cl2 
medium has been presented in Fig. 3. 
As shown in Table S4, the lowest energy 
absorption wavelengths of 1, 2 and 3 are located at 
443 nm (f = 0.0135), 532 nm (f = 0.0023) and 564 
nm (f = 0.0022), respectively. The absorption 
wavelength of 1 is comparable to the experimental 
observation
25
. It can be seen that the lowest energy 
absorption wavelengths are obviously redshifted in 
the order of 1→2→3, which is consistent with the 
variation of the ΔEL-H values. This indicates that the 
electron-donating substituent group in the bipz 
ligand has the important effect on the absorption 
properties. Complex 1 has the strongest absorption 
peaks at ca. 228 and 268 nm. The absorption curve 
shapes of 2 and 3 are very similar. The lowest lying 
absorptions for complexes 1, 2 and 3 mainly have 
the HOMO→LUMO transition configuration 
contributing to the S0→S1 state. The lowest energy 
absorptions of complexes 1, 2 and 3 are 
characterized as ligand-to-ligand charge transfer 
(LLCT) [π(bipz)→π*(dtbbpy)] character. 
Table 1 — Main optimized geometry parameters for complexes 1, 2 and 3 
 1 2 3 
S0 T1 S0 T1 S0 T1 
bond length (Å)       
Ir–C1 2.01 2.00 2.02 2.00 2.02 2.00 
Ir–N1 2.05 2.07 2.05 2.06 2.05 2.06 
Ir–N2 2.03 2.03 2.03 2.04 2.03 2.04 
Ir–N3 2.13 2.15 2.13 2.15 2.13 2.15 
Ir–N4 2.03 2.03 2.02 2.03 2.03 2.03 
Ir–N5 2.05 2.03 2.05 2.03 2.05 2.04 
bond angle (º)       
C1–Ir–N3 171.54 172.84 170.87 172.71 171.22 172.82 
N1–Ir–N4 175.82 174.59 175.78 174.63 175.77 174.64 
N2–Ir–N5 171.44 172.52 170.24 171.98 170.22 171.99 
dihedral angle (º)       
C1–N2–N3–N5 6.96 4.58 8.54 5.14 8.22 5.32 
N1–N2–N4–N5 7.12 7.55 7.62 7.88 7.87 7.81 




Fig. 2 — Molecular orbital diagrams and HOMO and LUMO 
energies for complexes 1, 2 and 3. 
 
 
Fig. 3 — Simulated absorption spectra in CH2Cl2 medium for 
complexes 1, 2 and 3. 




Phosphorescence in CH2Cl2 medium 
To check the computational method, seven 
different density functionals (B3LYP, CAM-B3LYP, 
BP86, PBE1PBE, M052X, M062X and TPSSH) 
were used to calculate the emission of complex 1. A 
better agreement with experimental data was 
obtained for TPSSH relative to other six functionals.  
The calculated emission energies for 1 at B3LYP, 
CAM-B3LYP, BP86, PBE1PBE, M052X, M062X 
and TPSSH levels are 489, 427, 683, 459, 394, 368 
and 545 nm, respectively, with the deviations of  
57, 119, 137, 87, 152, 178 and 1 nm deviating  
from measured value 546 nm
25
. Apparently,  
the TPSSH functional yields more satisfactory  
result. Hence, we have adopted the TPSSH 
functional for further emission spectra calculations. 
On the basis of the optimized triplet excited-state 
geometries, the emission properties of complexes 1, 
2 and 3 in CH2Cl2 solution obtained using  
the TDDFT method are shown in Table 2.  
The plots of the molecular orbitals related to 
emissions of complexes 1, 2 and 3 are  
presented in Table 3. Besides, partial frontier 
molecular orbital compositions (%) of complexes  
1, 2 and 3 in the triplet excited states have also been 
presented in Table S5. 
Table 3 shows that the calculated lowest energy 
emissions of complexes 1, 2 and 3 are located at 545, 
679 and 731 nm, respectively. So, the lowest energy 
emissions of complexes 2 and 3 are obviously 
redshifted in contrast to that of 1, which indicates the 
electron-donating substituent group in the bipz ligand 
can possess an important role. The reason for the large 
red shift of emission may be attributed to the limitation 
of the TDDFT method as shown by Świderek et al.
32
, 
that is, high-energy excitations are not described by the 
TDDFT method. The lowest emissions for the three 
complexes are described as triplet ligand-to-ligand 
charge transfer (
3
LLCT) [π*(dtbbpy)→π(bipz)]. The 
phosphorescence is mainly from the transitions of 
LUMO→HOMO configuration, which shows the 
different substitutents do not change the order between 
the frontier orbitals in emissions. As shown in Table 3 
and Table S5, the HOMO and LUMO of the three 
complexes are mainly localized on the bipz and dtbbpy 
ligands, respectively. For example, the HOMO and 
LUMO distribution of complex 1 is on the bipz ligand 
(93%) and dtbbpy ligand (94%).  
Table 2 — Phosphorescent emissions of complexes 1, 2 and 3 in tetrahydrofuran at the TDDFT calculations, together with the 
experimental wavelength (nm) available 
 λ(nm)/E(eV) Configuration Assignment Nature Expt.a 
1 545/2.27 L→H (95%) π*(dtbbpy)→π(bipz) 
3LLCT 546a 
2 679/1.83 L→H (99%) π*(dtbbpy)→π(bipz) 
3LLCT  
3 731/1.70 L→H (99%) π*(dtbbpy)→π(bipz) 
3LLCT  
a Ref. 25 
 
Table 3 — Transitions responsible for the emissions at 545, 679 and 731 nm for complexes 1, 2 and 3, respectively,  
simulated in CH2Cl2 medium 
 1 2 3 
L 













By using DFT/TDDFT method, the electronic 
structure and photophysical properties of three Ir(III) 
complexes have been explored in order to study the 
effect of the different substituent groups in the  
bipz ligand. The three complexes show a distorted 
octahedral configuration and similar ligands. The 
HOMO and LUMO for these complexes mainly 
distribute at the bipz and dtbbpy ligands, respectively. 
The lowest energy absorption wavelengths are in the 
order of 1 < 2 < 3. The calculated lowest energy 
emission of 1 at TDDFT/TPSSH level is in agreement 
with the experimental value. The phosphorescence 
emission is mainly from the transitions of 
LUMO→HOMO configuration, which the  
HOMO and LUMO are most localized on the  
bipz and dtbbpy ligands, respectively. We hope that 
the study can provide a new perspective  
toward designing phosphorescent Ir(III) complexes 
for OLEDs materials. 
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